A hybrid system with a radiant heating system and a mechanical ventilation system, which is regarded as an advanced heating, ventilation and air-conditioning (HVAC) system, has been applied in many modern buildings worldwide. To date, almost no studies focused on comparative analysis of the indoor air distribution and the thermal environment for all combinations of radiant heating systems with mechanical ventilation systems. Therefore, in this article, the indoor air distribution and the thermal environment were comparatively analyzed in a room with floor heating (FH) or ceiling heating (CH) and mixing ventilation (MV) or displacement ventilation (DV) when the supply air temperature ranged from 15.0 C to 19.0 C. The results showed that the temperature effectiveness values were 1.05-1.16 and 0.95-1.02 for MV + FH and MV + CH, respectively, and they were 0.78-0.91 and 0.51-0.67 for DV + FH and DV + CH, respectively. The Predicted Mean Vote values were from 0.24 to 0.45 and from 0.11 to 0.43 for MV + FH and MV + CH, respectively, and from 0.01 to 0.23 and from À0.41 to 0.10 for DV + FH and DV + CH, respectively. Hence, MV + FH had the largest temperature effectiveness and Predicted Mean Vote, and DV + CH had the smallest values. In addition, the vertical air temperature differences for MV + FH and MV + CH were all within the comfort zone according to ISO 7730, but exceeded the comfort zone for DV + FH and DV + CH when the supply air temperature was less than 17 C and 19 C, respectively. The air distribution effectiveness values for MV + FH and MV + CH were close to the recommended value for MV in the ASHRAE Standard 62.1, and those for DV + FH and DV + CH were slightly less than the recommended value for displacement ventilation. The results in this article are relevant and useful in the process of selection and design of a hybrid system with a radiant heating system and a mechanical ventilation system in practice. Practical application: The supply air temperature is one of key parameters for the design and operation of a hybrid system with a radiant heating system and a mechanical ventilation system. The results in this article may contribute to the design and operation of a hybrid system when taking in account the indoor air quality and thermal comfort.
Introduction
Radiant heating systems, such as floor heating (FH) systems and ceiling heating (CH) systems, are regarded as energy-efficient and comfortable heating systems; thus, they have been extensively used in the modern buildings. [1] [2] [3] [4] Many energyefficient building technologies involving increased thermal insulation and air tightness have also been applied in modern buildings with radiant heating systems. Unfortunately, these technologies may cause insufficient fresh air to be supplied by infiltration and may thus lead to poor indoor air quality and increased health problems. 5, 6 To avoid this problem, a mechanical ventilation system, such as a mixing ventilation (MV) system or a displacement ventilation (DV) system, for increasing the fresh air supply must be integrated with the radiant heating systems. [7] [8] [9] A hybrid system with a radiant heating system and a mechanical ventilation system, which is regarded as an advanced HVAC system, has been applied in many modern buildings worldwide. [10] [11] [12] The hybrid system normally includes at least one of the following cases: (a) a FH system combined with a MV system (MV + FH), (b) a FH system combined with a DV system (DV + FH), (c) a CH system combined with a MV system (MV + CH), or (d) a CH system combined with a DV system (DV + CH).
Some researchers have performed studies regarding to the indoor air distribution and the thermal environment in a room with FH and DV (DV + FH). Skistad et al. 10 experimentally studied the indoor vertical temperature and velocity profiles along with the ventilation effectiveness in a room with DV + FH, and he found that the ventilation effectiveness was all larger than 1.0 for DV + FH and the according vertical temperature and velocity profiles were more uniform compared to DV. Ouazia et al. 11 tested the indoor thermal environment and ventilation effectiveness in a classroom with DV + FH, and the ventilation effectiveness in his study were slightly larger than Skistad's study. Causone et al. 13 experimentally and numerically analyzed the indoor thermal environment and ventilation effectiveness for DV + FH, and he found that the ventilation effectives cannot be kept at high value when the indoor pollutant sources was not the heat sources.
Several studies focused on comparative analysis of the indoor air distribution and the thermal environment in a room with DV + FH and with other hybrid system. Behrendt's study focused on comparative analysis of the indoor environmental quality in a classroom with floor or CH and DV (DV + FH and DV + CH), and he found that the DV + FH had better environmental quality compared to DV + CH. 14 Olesen et al. 7 performed a set of measurements to comparatively analyze the indoor thermal environment and ventilation effectiveness in a climate room with FH and mixing or DV (MV + FH and DV + FH). 7 The results in their study showed that the DV + FH had the higher ventilation effectiveness and the MV + FH had the lower vertical air temperature difference.
Most of the above-mentioned studies referred to DV + FH, whereas a few of the studies were related to the MV + FH and DV + CH. To date, almost no studies focused on comparative analysis of the indoor air distribution and the thermal environment for all combinations of radiant heating systems with mechanical ventilation systems. Therefore, in this article, comparative analyses of the indoor air distribution and the thermal environment in a room with floor or CH combined with mixing or DV were studied. The results in this article are relevant to the design and operation of a hybrid system with a radiant heating system and a mechanical ventilation system.
Methodologies

Test room and test conditions
The measurements were performed in a simulated multi-occupant room, 15 as shown in Figures 1 and 2 . The room has an approximate floor area of 72 m 2 and a ceiling height of 2.7 m. The exterior wall has a total area of 32.4 m 2 , including a total window area of 13.2 m 2 . The room was equipped with a MV system, a DV system, a FH system and a CH system. Eight heated cylinders equipped with 80 W light bulbs were used to simulate office workers. Other internal heat sources, such as computers and lights, were also considered in the study, resulting in a total power of 1650 W when the heated cylinders are included. The distributions of the internal heat sources as well as supply terminals and exhaust terminals are symmetrical in the left and right sides of test room (see Figures 1 and 2) .
The test conditions for the different hybrid systems are shown in Table 1 . The reference air temperature and the supply air flow rate refer to Category I for the non-low-polluting building in Standard EN 15251. 16 The supply air temperature was controlled at 15 C, 17 C, and 19 C, respectively. The relevant heated surface temperature, such as the floor and ceiling surface temperature, was adjusted to maintain the reference air temperature (dry-bulb temperature) at 23.0 C. During the experiment, the floor and ceiling surface temperatures were measured, which are the averages of the temperatures measured along the heated surface, as shown in Table 1 .
Mechanical ventilation systems, which are used in the heating season, are generally integrated with a heat recovery system to save energy. 17 The supply air temperature of a mechanical ventilation system depends on the indoor air temperature as well as the inlet air temperature and efficiency of the heat recovery system. 18 To avoid frosting, the inlet air temperature should be higher than À10 C and thus normally ranged from À10.0 C and 5.0 C. 19 In addition, until now, the efficiency of heat recovery system can be up to 80%. Hence, the supply air temperature of a mechanical ventilation system with a heat recovery system in heating season is approximately from 15.0 C to 19.0 C (see Table 1 ).
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Measuring parameters and instruments
During the measurement, the globe temperature, air temperature, and velocity and pollutant concentration were collected by utilizing calibrated black globes, spherical probes, and an Innova system, as shown in Table 2 . The measuring instruments were placed at four different heights (0.1 m, 0.6 m, 1.1 m, and 1.7 m) in each of the locations P1 through P4 (see Figure 1) . Because of the symmetrical distributions of air temperature and velocity in the left and right sides of the test room, only distributions of air temperature and velocity in the left side of the test room were measured. Generally, the globe temperature, air temperature, and air velocity were measured from 5:00 pm to 6:00 pm after they arrived at the steady state. Freon 134a (tetrafluoroethane) was used as a tracer gas or contaminant to measure the air distribution effectiveness. Freon 134a dosing and sampling in the room were performed using the Innova1303 system. One dosing point and one sampling point were placed in the supply duct and the exhaust duct of the mechanical ventilation system, respectively. Four sampling points (C1-C4) were located close to the dummies at a height of 1.1 m above the floor level (corresponding to the breathing zone), as shown in Figure 1 .
The mean radiant temperature (t r ) was estimated by calculating the directly measured parameters according to the thermal balance equation of a globe sensor according to equation (1) .
where t g is the globe temperature, t a is the mean air temperature in the occupied zone, is the Stefan-Boltzmann constant, " is the emissivity of the globe surface, and h c is the convective heat transfer coefficient, which depends on the size of the global sensor and the air velocity. The mean radiant temperature is generally close to the indoor air temperature in buildings with HVAC systems; therefore, equation (1) could be simplified as follows 20 :
where v a is the mean air velocity in the occupied zone.
Indoor air distribution
Indoor temperature effectiveness 21 and air distribution effectiveness 22 were used in this study to evaluate the air distribution, as given by equations (3) and (4), respectively, where air distribution effectiveness was measured and calculated using the tracer step-down method (or the decay method).
where E t is the temperature effectiveness, t ac is the air temperature near the ceiling which equals the exhaust air temperature when the exhaust is located under the ceiling, t s is the supply air temperature, and " t a is the mean air temperature in the occupied zone. where E v is the air distribution effectiveness, n is the time constant, p is the local mean age of the room air, c p ðtÞ is the instantaneous local contaminant concentration in the room, and c e ð0Þ/ c e ðtÞ are the initial/instantaneous contaminant concentrations in the exhaust duct.
Indoor thermal environment
According to ISO 7730 23 and ASHRAE 55, 24 the whole thermal comfort in terms of PMV (Predicted Mean Vote) and PPD (Predicted Percentage Dissatisfied) as well as the local thermal discomfort indices in terms of the vertical air temperature difference, draught near the neck, heated surface temperature, and radiant asymmetry were used to evaluate the thermal environment. PMV and PPD can be calculated using equations (7) and (8) 
where M is the metabolic rate, H is the net gain of heat, p a is the water vapor pressure in the environment air, t cl is the surface temperature of the clothing, I cl is the clothing insulation, f cl is the clothing surface area factor, and h c is the convective heat exchange coefficient. The measured heated surface temperatures were all less than 29 C (see Table 1 ) and were in the comfort range according to ISO 7730. 23 In addition, radiant asymmetry will also not cause a problem of discomfort because of the small heat transfer coefficients of the windows and the exterior wall. Hence, only the vertical air temperature difference and draught were used to evaluate the local thermal discomfort in this study.
The vertical air temperature difference and the draught near the neck can be calculated using equations (9) and (10), respectively.
where Át a is the vertical air temperature difference, t ah is the room air temperature at the head level (a height of 1.1 m for the sitting position and 1.7 m for the standing position), and t af is the room air temperature at the foot level (a height of 0.1 m).
where DR is the draught near the neck of the occupants and Tu is the local turbulence intensity near the neck of the occupants; see equation (11) .
where SD v is the standard deviation of the room air velocity and v is the mean room air velocity.
Results and discussion
Indoor air distribution
Vertical air temperature profiles in the occupied zone. Vertical mean air temperature profiles in the occupied zone for different hybrid systems are shown in Figure 3 (a) to (d), where the mean air temperature is the mean value of the local air temperatures at different measurement locations and the local air temperature is the average of the air temperature at one location over the measurement period.
As shown in Figure 3 , the vertical distributions of the mean air temperature in the occupied zone were more uniform with MV compared to the case with DV when it was combined with floor or CH. In addition, the supply air temperature had nearly no impact on the vertical mean air temperature profiles in the occupied zone for MV + FH or MV + CH, whereas it had a clear influence on the vertical mean air temperature profiles in the occupied zone for DV + FH or DV + CH.
Substituting the supply air temperature, exhaust air temperature and mean air temperature in the occupied zone for the sitting and standing positions into equation (3), we obtain the temperature effectiveness for the four hybrid systems, as shown in Table 3 . Table 3 shows that the supply air temperature had a slight impact on the temperature effectiveness for MV + FH and DV + FH with different positions but nearly no influence on the temperature effectiveness for MV + CH and DV + CH when the supply air temperature ranged from 15 C to 19 C. In addition, there was a relatively large difference in the temperature effectiveness for DV + CH between the sitting position and the standing position, whereas there was nearly no difference for the other three hybrids systems between the sitting position and the standing position.
A shown in Table 3 , MV + FH had the largest temperature effectiveness (1.05-1.16), and DV + CH had the smallest temperature effectiveness (0.51-0.52 with the sitting position and 0.65-0.67 with the standing position). In addition, the temperature effectiveness for MV + CH with different positions was larger than those for DV + FH. This result is mainly due to the more uniform distribution of the vertical air temperature for MV than DV when it was combined with floor or CH, as shown in Figure 3(a) to (d) . Hence, the order of temperature effectiveness for the four hybrids systems was MV + FH, MV + CH, DV + FH, and DV + CH.
Vertical air velocity profiles in the occupied zone. The vertical mean air velocity profiles in the occupied zone for different hybrid systems are shown in Figure 4 (a) to (d), where the mean air velocity is the mean value of the local air velocities at different measurement locations and the local air velocity is the average of the air velocity at one location over the measurement period.
As shown in Figure 4 , the vertical distributions of the mean air velocity in the occupied zone were also more uniform for MV compared to DV when it was combined with floor or CH. In addition, the supply air temperature had nearly no impact on the vertical mean air velocity profiles for all four hybrid systems. Substituting the standard deviation of the room air velocity and the mean room air velocity at the height of 1.1 m for the sitting position and 1.7 m for the standing position into equation (11), we obtain the turbulence intensity for the four hybrid systems, as shown in Table 4 .
As shown in Table 4 , the supply air temperature had a slight influence on the turbulence intensity for the four hybrid systems at different positions when the supply air temperature ranged from 15 C to 19 C. In addition, there was a relatively large difference for the turbulence intensity of the four hybrid systems between the sitting position and the standing position. Table 4 also shows that MV + FH and MV + CH had the largest turbulence intensity (12.5-15.5% with the sitting position and 12.8-16.9% with the standing position), and DV + CH had the smallest turbulence intensity (6.5-7.5% with the sitting position and 6.1-6.8% with the standing position). In addition, the turbulence intensity was 7.7-10.8% with the sitting position and 8.2-11.2% with the standing position for DV + FH. Hence, the turbulence intensity values were all higher for MV than for DV when it was combined with floor or CH, in agreement with the results of the studies of Hanzawa and Melikov. 25, 26 This difference was observed probably because cold air supplied by MV enters the occupied zone directly, i.e. the air speed at the neck level is determined by the inertial force of the supply jets with a high discharging air velocity and thus has large fluctuation. For DV, the indoor air flow is determined by the thermal buoyancy, which is free to vary and has low air velocity and small fluctuation.
Contaminant concentration in the breathing zone. The mean contaminant (Freon 134a)
concentrations in the breathing zone for different hybrid systems are shown in Figure 5 (a) to (d), where the mean contaminant concentration is the mean value of the local contaminant concentration at different measurement locations. Figure 5 shows that the supply air temperature had nearly no impact on the distribution of mean contaminant concentration in the breathing zone for all four hybrid systems. Substituting the instantaneous contaminant concentration in room and the exhaust duct into equations (4)- (6), we obtain the air distribution effectiveness values for different hybrid systems, as shown in Figure 6 . Figure 6 shows that the supply air temperature had a slight impact on the air distribution effectiveness for DV + FH and DV + CH, whereas it had nearly no influence on the air distribution effectiveness for MV + FH and MV + CH. In addition, the air distribution effectiveness for MV + FH and MV + CH was close to 1.0, which is the recommended value for MV with a ceiling supply of cool air in ASHRAE Standard 62.1. 27 Moreover, the air distribution effectiveness for DV + FH and DV + CH were from 1.05 to 1.16, which is slightly less than the recommended value (1.2) for DV with floor supply of cool air and ceiling return in the ASHRAE Standard 62.1.
Indoor thermal environment
Vertical globe temperature profiles in the occupied zone. The vertical mean globe temperature profiles in the occupied zone for different hybrid systems are shown in Figure 7 (a) to (d), where the mean globe temperature is the mean value of the local globe temperature at different measurement locations and the local globe temperature is the average of the globe temperature at one location over the measurement period.
As shown in Figure 7 , the trends for vertical globe temperature profiles for the four hybrid systems are nearly identical with the vertical air temperature profiles (see Figure 3) . Substituting the mean globe temperature, the air temperature, and the air velocity in the occupied zone for the sitting or standing position into equation (2), we obtain the mean radiant temperature for the four hybrid systems, as shown in Table 5 . Table 5 shows that MV + FH and MV + CH had the largest mean radiant temperature (22.7-23.8 C), and DV + CH had the smallest mean radiant temperature (20.6-21.6 C for the sitting position and 21. 6-22.3 C for the standing position). In addition, the mean radiant temperature was 21.9-22.7 C for DV + FH. Hence, the mean radiant temperatures were all higher for MV than for DV when it was combined with floor or CH. This is mainly due to the larger temperature effectiveness for MV than for DV when it was combined with floor or CH, as shown in Table 3 .
PMV and PPD. In a typical office building with normal workers in the heating season, appropriate values for the parameters of the human body can be found in ISO 7730, as follows: metabolic rate 1.2 met, clothing resistance 1.0 clo. In addition, the relative humidity is equal to 50%. Substituting the measured air temperature, mean radiant temperature, air velocity, metabolic rate, and clothing resistance into equations (7) and (8), we obtain the values of PMV and PPD for different hybrid systems, as shown in Tables 6 and 7 . Both Table 6 and Table 7 show that the supply air temperature had a slight influence on the PMV and PPD for the four hybrid systems with different positions. MV + FH had the largest PMV (from 0.24 to 0.37 for the sitting position and from 0.37 to 0.45 for the standing position), and DV + CH had the smallest PMV (from À0.41 to À0.12 for the sitting position and from À0.12 to À0.10 for the standing position). In addition, the PMV for MV + CH for different positions were larger than those for DV + FH. The PPD for all four hybrid systems also had a similar trend. Hence, the PMV and PPD were all larger for MV than for DV when combined with floor or CH. This is mainly due to larger reference air temperature for MV than for DV when combined with floor or CH, as shown in Table 1 . Tables 6 and 7 also show that the PMV and PPD for all four hybrid systems were within the comfort zone according to ISO 7730, where PMV should be in the range of À0.5 to 0.5, and PPD should be less than 10%.
Vertical air temperature difference. Substituting the measured mean air temperature at the head level and the foot level into equation (9), we obtain the vertical air temperature difference at the sitting or standing positions for all four hybrid systems, as shown in Figure 8 .
As shown in Figure 8 , the supply air temperature had nearly no influence on the vertical air temperature differences at both positions for MV + FH and MV + CH, whereas it had a clear impact on the vertical air temperature differences for DV + FH and DV + CH when the supply air temperature ranged from 15 C to 19 C. This is mainly due to the more uniform distribution of vertical air temperature for MV than for DV when combined with floor or CH, as shown in Figure 3(a) to (d) . Figure 8 (a) and (b) also shows that the vertical air temperature differences reduced for DV + FH and DV + CH as the supply air temperature increased. Hence, the supply air temperature reduced the mean vertical air temperature difference with DV when combined with floor or CH. This is may be due to the effect of temperature difference between the indoor air and the supply air as supply air temperature increased for DV + FH or DV + CH. 14, 28 The vertical air temperature differences with both positions for MV + FH and MV + CH were all within the comfort zone according to ISO 7730, whereas they exceeded the comfort zone for DV + FH when the supply air temperature was less than 17 C and for DV + CH when the supply air temperature was less than 19 C (see Figure 8(a) and (b) ). In other words, the supply air temperature should be higher than 17 C and 19 C to ensure occupant thermal Draught near the neck. Substituting the measured mean air temperature, air velocity, and turbulence intensity (see Table 4 ) at the head level into equation (10), we obtain the draught near the neck at sitting or standing positions for all four hybrid systems, as shown in Figure 9 . As shown in Figure 9 (a) and (b), the supply air temperature had a slight influence on the draught near the neck with both positions for all four hybrid systems. MV + FH had the largest draught (5.2-6.5% with sitting position and 6.4-7.2% with standing position), whereas DV + FH and DV + CH had the smallest draught (0-1% with different positions). The draught near the neck for MV + CH was 2.2-3.1% at the sitting position and 3.5-5.2% at the standing position. Hence, the draughts near the neck were all larger for MV than for DV when combined with floor or CH. This is due to the larger turbulence intensity for MV than for DV when combined with floor or CH (see Table 4 ). Figure 9 (a) and (b) also shows that the draughts near the neck were within the comfort zone according to ISO 7730, where the draught near the neck should be less than 10%.
Conclusions
The vertical distributions of the air temperature, the air velocity, and the globe temperature in the occupied zone as well as the horizontal distributions of the contaminant concentration in the breathing zone were measured for floor or CH and mixing or DV. The temperature effectiveness, PMV-PPD, vertical air temperature difference, draught and air distribution effectiveness were calculated when the supply air temperature was in the range from 15.0 C to 19.0 C. Based on the results of the comparative analysis of the indoor air distribution and the thermal environment for MV + FH, MV + CH, DV + FH, and DV + CH, the following conclusions for winter condition can be drawn:
1. The vertical distributions of the air temperature, air velocity, and globe temperature in the occupied zone were more uniform for MV + FH and MV + CH compared to DV + FH and DV + CH. 2. MV + FH had the largest temperature effectiveness, and DV + CH had the smallest temperature effectiveness at the sitting or standing positions. In addition, the temperature effectiveness for MV + CH was greater than that for DV + FH. 3. The PMV and draught near the neck for MV + FH and MV + CH were all larger than those for DV + FH and DV + CH at the sitting or standing positions. 4. The vertical air temperature differences with both positions for MV + FH and MV + CH were all within the comfort zone according to ISO 7730, but exceeded the comfort zone for 
